Introduction
============

In clonally propagated horticultural crops, adaptation to different growing environments can lead to considerable differences in fruit quality. Anecdotally, it is well known by fruit growers that some years or growing seasons result in better quality fruit, and some areas are not suited for some crops. For example, there are numerous examples of reports of the effect on growing environment on grapes where 'terroir' influences wine characters.^[@bib1]^ In apples, it has been shown that the reddening of the skin is controlled by environmental temperature^[@bib2]^ and the changing environment has been reported recently to be altering the quality of apple fruit.^[@bib3]^ Most of these trait-focused studies have used commercially grown horticultural crops grown in different regions and there are few reports to date on the interaction of trait genetic control mechanisms with the growing environment.

In apple, texture is a key quality determinant for consumers.^[@bib4]^ Although fruit maturation and ripening are key developmental processes that underlie firmness and texture, there is currently a limited understanding of the controlling mechanisms. Current models point to both developmental and environmental control of ripening,^[@bib5]^ mediated often through the ripening hormone ethylene, suppression of which reduces ripening in many fruits.^[@bib6],[@bib7]^ It has been shown that within a genotype, there is an association between dry matter (DM) content, fruit firmness and storage.^[@bib8],[@bib9]^ Apart from texture, DM is also an important determinant for other aspects of fruit quality related to taste (sugar and acid metabolism), where consumers have shown a preference for fruit with higher DM.^[@bib8]^ Apple loss of firmness during storage is strongly controlled by ethylene and its suppression causes the fruit to remain firmer.^[@bib10]^ However, genotypic differences in ethylene biosynthesis do not solely account for differences in ripening rates,^[@bib11]^ suggesting that differences in ethylene perception and downstream signalling are also critical. There is a suite of cell wall-associated enzymes that change in expression^[@bib12; @bib13; @bib14]^ during ripening and quantitative trait loci (QTL) analysis has linked apple fruit softening with genetic loci that contain the ethylene biosynthesis genes 1-*AMINO-CYCLOPROPANE-CARBOXYLASE SYNTHASE 1* and *3* (*ACS1*, *ACS3*),^[@bib11],[@bib15]^ and 1-*AMINO-CYCLOPROPANE-CARBOXYLASE OXIDASE 1* (*ACO1*),^[@bib16]^ cell wall loosening genes (*EXPANSIN* -- *EXP7*)^[@bib17]^ and *POLYGALACTURONASE 1* (*PG1*),^[@bib18]^ as well as cell wall genes such as *PECTIN LYASE* (*Md-Pel*) and *XYLOGLUCAN ENDOTRANSGLYCOSILASE* (*Md-XET*).^[@bib19]^ This is supported by molecular studies showing that at the gene expression level, there is a tight correlation between the cell wall gene *PG1* and loss of firmness during storage^[@bib14]^ and when *PG1* is suppressed, apples remain firmer for longer in storage.^[@bib20]^

In this study, a segregating population was used to assess the contribution of genetic makeup and growing environment on fruit maturation and fruit quality. Two contemporary commercial apple cultivars, 'Royal Gala' and 'Braeburn', were chosen as parents, as breeding populations derived from these individuals have produced new cultivars in which fruit firmness traits exceed those of either of the parents.^[@bib21]^ This mapping population was replicated in different geographic locations to identify genomic loci whose expression not only is important for regulating maturation and ripening, but also is influenced by growing environment.

Materials and methods
=====================

Plant material and fruit sampling
---------------------------------

A segregating F~1~ population of 599 seedlings from a 'Royal Gala' × 'Braeburn' cross was planted out in a split-plot layout across three diverse geographic locations, one in each of three apple production regions in New Zealand, to investigate the Genotype by Environmental (GxE) control of time to harvest, DM content and fruit firmness. The 599 seedlings were each replicated by grafting onto six 'M27' dwarfing rootstocks and planted in duplicate in each of the Plant & Food Research Havelock North, Motueka and Clyde research orchards (Havelock North, Hawke\'s Bay (lat. 39°40′S, long. 176°53′E), Riwaka, Motueka (lat. 41°6′S, long. 172°58′E) and Clyde, Otago (lat. 45°12′S, long. 169°19′E)). Trees were planted 3×1.5 m apart in an east-west orientation with 'genotype' the main effect (*n*=6) and 'environment' the subplot (*n*=2). The 'Royal Gala' and 'Braeburn' parents grafted onto 'M9' rootstocks were planted one after every 10 genotypes, alternating, along the rows within the same blocks ([Supplementary Fig. S1](#xob1){ref-type="supplementary-material"}). This parental pattern enabled confirmation that there was no within-plot variability that compromised expression of fruit traits. Pests and diseases were controlled by conventional orchard techniques according to standard commercial practices. For each growing season the trees were treated as consistently as possible, with a standardized low crop load and supplementary irrigation when conditions required. In the first year in the orchard (2006), fruit were removed shortly after fertilisation to promote strong vegetative growth. In subsequent seasons, the apples were thinned to a low crop load (10 fruit per tree in the second year, 20--25 fruit per tree in the third year, then 6 fruit per cm^2^ trunk cross-sectional area thereafter).

Phenotyping
-----------

To assess the orchard variation at any given site, 15--40 fruit from each of the 'Royal Gala' and 'Braeburn' parents were assessed for each of the traits in two orchards (Hawke\'s Bay and Motueka). The first harvest assessments were made in 2009 at Hawke\'s Bay and Motueka and the second in 2010 at the same two sites. A third harvest was performed at all three sites in 2011 using a subset of 127 seedlings selected for carrying high firmness alleles of QTLs linked to *PG1* and *ACO1*. Fruit were harvested at a standardized maturity, based on background colour change and starch clearance (1.5--2.5 units on a New Zealand industry generic 0--6 Starch Pattern Index scale). Ten representative fruit per tree were harvested and for five of these fruit, fresh weight was recorded and maximum firmness measured using a GUSS penetrometer with an 11.1-mm probe inserted at a speed of 10 mm per second. Soluble solids content was measured using an Atago PAL-1 pocket digital refractometer, Starch Pattern Index assessed and DM measured as described by Palmer *et al.*^[@bib22]^ The remaining five fruits were stored in cartons lined with perforated polythene bags to minimize water loss, at 0.5 °C for 10 weeks and at 20 °C for 7 days, before assessment for fruit firmness and soluble solids content.

DNA extraction and single nucleotide polymorphism (SNP) marker development
--------------------------------------------------------------------------

Genomic DNA was extracted from young leaves from the parents and the 599 seedlings of the 'Royal Gala' × 'Braeburn' segregating population using the Qiagen Plant DNeasy Plant Mini kit (Qiagen, Hilden, Germany) following the manufacturer\'s protocol. Ten nanograms of genomic DNA from each sample were then amplified by whole-genome amplification^[@bib23]^ using the GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK). A subset of the 951 SNP markers used for anchoring the 'Golden Delicious' genome sequence to a genetic map was selected for map construction, on the basis of even distribution along the 'Golden Delicious' pseudo-chromosomes. SNPlex (Applied Biosystems Inc., Foster City, CA, USA) genotyping assays were carried out using 1 µL (from 45 to 225 ng) of WGA-DNA according to the manufacturer\'s protocol. Samples were run on a 3730xl DNA Analyzer (Applied Biosystems Inc.) and data were analysed using the Gene Mapper v.4.0 software (Applied Biosystems Inc.). Genotype analysis was performed according to the SNPlex_Rules_3730 method, in accordance with the manufacturer\'s default settings.

Genetic map construction and QTL analysis
-----------------------------------------

Seventeen individuals were removed from the population as the SNP marker data indicated they were potential pollen contaminants, resulting in a set of 572 true seedlings usable for map construction. The genetic maps used for QTL analysis were the parental maps of the 'Royal Gala' × 'Braeburn' population as described in Chagné *et al*.^[@bib24]^ In brief, a subset of 132 SNP markers was used to construct a 'Braeburn' genetic map with an even marker distribution, favouring backcross type markers (*ab* × *aa*) above less informative intercross markers (*ab* × *ab*). This map spanned a cumulative distance of 1004.8 cM, covered all 17 linkage groups (LGs) and had an average of one marker every 7.6 cM. One linkage group (LG 7) spanned only 4.1 cM and had only three markers. A further subset of 132 SNP markers was used to build the 'Royal Gala' genetic map, using similar distribution and segregation type criteria as for the 'Braeburn' map. The cumulative genetic length of the 'Royal Gala' genetic map was 863.9 cM, covering all 17 LGs, with an average of one marker every 6.7 cM. Genetic markers for candidate genes related to fruit texture were then located on the map ([Supplementary Table S1](#xob3){ref-type="supplementary-material"}). These included genetic markers for *Polygalacturonase* (*PG1*) and *AAC oxidase* (*ACO1*) on LG10, a duplicated copy of *PG* on LG5 and ethylene-related genes identified using a microarray experiment.^[@bib25]^

QTL analysis was performed with MapQTL version 5.0. For the interval mapping analysis, the LOD threshold for significance of a QTL was calculated at the genome level using 1,000 permutations. Only the QTLs with a LOD score significant at greater than 90% genome-wide were retained. The most significant marker for each QTL was then used as a cofactor for a multiple QTL analysis (MQM) for detecting minor QTLs that were concealed by the major QTL in the previous interval mapping analysis. The percentage of phenotypic variation explained by all detected QTLs for one trait was calculated using a linear regression fitting the QTLs detected for each trait as factors.

Results
=======

Growth and fruit assessment of a 'Royal Gala' × 'Braeburn' seedling population
------------------------------------------------------------------------------

The three apple-growing regions in New Zealand where the replicated 599 'Royal Gala' × 'Braeburn' mapping population seedlings were grown differed from one another in key environmental factors affecting growth, such as temperature and rainfall ([Figure 1](#fig1){ref-type="fig"}), sunshine hours, growing degree days and soil types. Havelock North (Hawke\'s Bay) and Motueka (Nelson region) are coastal maritime environments, while Clyde (Central Otago) is an inter-montane semi-arid basin. In particular, rainfall is higher in Hawke\'s Bay than in Motueka in January, while it is higher in Motueka than Hawke\'s Bay from September to December; however, the temperature is similar in Hawke\'s Bay and Motueka during apple fruit growth and ripening.

For the first year (2009), when both tree replicates of fruit grown and harvested at standard maturity in Hawke\'s Bay and Motueka were assessed, fruit maturation date ranged from 27 January to 30 April ([Table 1](#tbl1){ref-type="table"}). There was little variation between tree replicates for both DM and fruit firmness within a genotype (seedling) at each orchard site both for the samples assessed at maturity and those assessed following storage ([Supplementary Table S2a](#xob4){ref-type="supplementary-material"}), suggesting that phenotypic responses for the segregating population can be attributed to genetic effects rather than within-orchard effects. Because of this lack of within-orchard variation between genotypes and the lack of variation among fruit harvested from the same trees ([Supplementary Table S2b](#xob4){ref-type="supplementary-material"}), the replicated fruit from replicated individuals at each site were averaged for further analysis. For the following year (2010), only a single replicate tree was assessed in each of these sites. Within the seedling population, there was a significant effect of the genotype and site for all measured variables (*p*\<0.001; [Table 2](#tbl2){ref-type="table"}). The year effect was significant (*p*\<0.001) for all variables except firmness measured at harvest and loss of firmness during storage. The year×site effect was not significant for loss of firmness after storage and fruit maturation date. The genotype x year effect was not significant for any variable, indicating that the genetic effect was consistent across years. The correlations between traits across two sites in 2009 and 2010 are presented in [Table 3](#tbl3){ref-type="table"}. The year to year correlation between 2009 and 2010 for all traits ranged from *r*=0.31 to 0.88 ([Table 3](#tbl3){ref-type="table"}). The between-site correlation ranged between *r*=0.43 and 0.80. For each of the traits the correlations between years at the same site and between site during the same year were generally high ([Table 3](#tbl3){ref-type="table"}; *p*\<0.01).

Fruit matured later in Motueka than in Hawke\'s Bay, by 9--12 days, consistently over two years of measurement. There was a strong genetic control of fruit maturation date, with a correlation between site and year, ranging from *r*=0.73 to 0.87 ([Table 3](#tbl3){ref-type="table"}). Fruit maturation date was significantly correlated to textural traits, with the highest correlation coefficient being *r*=−0.47 for loss of firmness in Motueka in 2010. Interestingly, the harvest date was less correlated to firmness measured at harvest than firmness measured after storage ([Figure 2b](#fig2){ref-type="fig"}). Harvest date was negatively correlated to loss of firmness, meaning a weak trend for early maturing genotypes to soften more rapidly during storage. For fruit firmness, the apples grown in Motueka tended to soften more than those in Hawke\'s Bay ([Table 1](#tbl1){ref-type="table"}); however, there was no trend for which site had firmer fruit at harvest and after storage between the two years of measurement ([Figure 2a](#fig2){ref-type="fig"}). DM content was found to be slightly higher in Hawke\'s Bay than in Motueka, especially in 2010 ([Table 1](#tbl1){ref-type="table"}). The 2011 data collected on three sites were not included in the variance and correlation analysis as the population was biased toward high firmness alleles at one locus.

Fruit firmness variability between sites
----------------------------------------

Variability between two sites and two years was observed in the 'Royal Gala' × 'Braeburn' population for fruit firmness at harvest and after storage ([Figure 2a and 2b](#fig2){ref-type="fig"}). From this dataset it was clear that there were genotypes whose firmness were strongly influenced by environment and those that were less so. In the 2010 data, there were genotypes that had significantly (*p*\<0.01) higher firmness both at harvest and following storage in different sites ([Figure 2c](#fig2){ref-type="fig"}), as well as genotypes that appeared to be completely unaffected by the environment between these two orchards ([Figure 2c](#fig2){ref-type="fig"}, genotypes 209, 228 and 70). Interestingly, the firmness at harvest was not correlated with the firmness following storage at each of the sites, with some genotypes having similar firmness at harvest and considerably different firmness following storage ([Figure 2c](#fig2){ref-type="fig"}, genotypes 183 and 331).

Identification of QTLs for harvest time, firmness and DM content
----------------------------------------------------------------

'Royal Gala' and 'Braeburn' parental genetic maps^[@bib24]^ ([Supplementary Fig. S2](#xob2){ref-type="supplementary-material"}) constructed using SNP data and enriched using candidate gene-based markers ([Supplementary Table S1](#xob3){ref-type="supplementary-material"}) were employed to identify QTLs for harvest date, fruit firmness and DM. In total, 190 QTLs were identified independently for each of the traits phenotyped over two years (2009 and 2010) and two sites (Hawke\'s Bay and Motueka). These clustered into 35 unique genomic regions inherited from either parent. Thirty-two QTLs were detected for firmness at harvest, clustering into 14 unique genomic regions ([Supplementary Table S3a](#xob5){ref-type="supplementary-material"}), 45 QTLs for firmness after storage ([Supplementary Table S3b](#xob5){ref-type="supplementary-material"}), 32 QTLs for loss of firmness during storage clustering into 14 unique genomic regions ([Supplementary Table S3c](#xob5){ref-type="supplementary-material"}), 30 QTLs for DM content clustering into 16 unique genomic regions ([Supplemental Table 3d](#xob5){ref-type="supplementary-material"}), and 51 QTLs for harvest date clustering into 16 unique genomic regions ([Supplementary Table S3e](#xob5){ref-type="supplementary-material"}). The effects expressed as percentages of the phenotypic variation explained by each QTL independently are presented in [Figure 3](#fig3){ref-type="fig"}. In addition, 29 QTLs were detected in 2011 over all three sites using a subset of 127 seedlings of the population that was selected to carry the favourable QTL alleles of LG10 from both parents (PG1-BB, PG1-RG and ACO1-BB favourable allele was selected). Here the QTL effect explained from 3.2% to 52.9% of explained the phenotypic variation ([Supplementary Table S3f](#xob5){ref-type="supplementary-material"}). The percentage of the phenotypic variation explained by all QTLs for each trait in this study is presented in [Table 4](#tbl4){ref-type="table"} and compared with the percentage variation calculated using the data for previously published QTLs^[@bib26],[@bib27]^ on LG10 and LG16 only.

Effect of environment on QTL stability and interaction among QTLs
-----------------------------------------------------------------

Stable QTL regions for harvest date, firmness at harvest, firmness following storage, loss of firmness during storage, and DM are located on all LGs except LGs 4, 7, 12 and 17 ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} for the 'Royal Gala' and 'Braeburn' parents, respectively) with one unstable QTL detected for one trait, one site and one year on LG12. With QTLs located on 10 different LGs, harvest date is the trait with the most QTLs for control. Seventeen QTL clusters for fruit firmness coincided with QTLs previously detected in apple on LG1 (clusters EXP-BB and EXP-RG),^[@bib17]^ LG3 (Lg3a-BB and Lg3b-BB),^[@bib28]^ LG10 (ACO1-BB, PG1-BB, PG1-RG),^[@bib26]^ LG14 (FUL-BB),^[@bib29]^ LG15 (Lg15a-BB, Lg15a-RG)^[@bib30]^ and LG16 (Lg16-BB).^[@bib27]^ The QTLs from LGs 1, 10, 14, 15 and 16 explained the major variation for fruit firmness both at and after harvest and for loss of fruit firmness during storage in the population ([Figure 3](#fig3){ref-type="fig"}) and were stable between sites and between years. Two QTLs for fruit firmness after storage and loss of firmness during storage were detected on LG10 when using MQM analysis.

QTLs were present or absent in different environments (sites and years). Five QTL regions stable across 2 years were detected in fruit grown in Motueka but not in Hawke\'s Bay. These were located on LG6 (LG6a-BB and LG6a-RG) for control of fruit firmness at harvest, and LG5 (LG5a-RG and LG5a-BB) for change of fruit firmness during storage and LG9 for fruit firmness after storage (LG9a-RG), respectively, indicating the presence of site-specific QTLs.

QTLs also explained variable phenotypic variation between traits. For example, while the QTL on LG16 (LG16-BB) explained from 3.3% to 7.7% of the phenotypic variation for harvest fruit firmness, it had a larger effect on loss of fruit firmness during storage (8.2%--13.1%). This highlights the complex interaction of QTLs in controlling fruit firmness after storage. Fruit firmness after storage related to both fruit firmness at harvest, the rate of fruit softening and the interaction between them. The QTLs detected could then be separated into three groups: (i) QTLs influencing both fruit firmness at harvest and firmness change during storage on LGs 10 and 15; (ii) QTLs for which postharvest fruit firmness was due to harvest fruit firmness but not fruit softening on LGs 1, 6 and 14; and (iii) QTLs associated with softening but not fruit firmness at harvest on LGs 10, 5, 3 and 16. Stable QTLs for DM content colocated with QTLs for fruit firmness on LGs 1, 9 and 16.

Growth environment and genetic linkages between fruit maturation date and loss of firmness during storage
---------------------------------------------------------------------------------------------------------

QTLs in common were identified between control of fruit maturation date and loss of firmness during storage, especially on LGs 10 (QTL clusters PG1-BB, ACO1-BB and PG1-RG) and 16 (Lg16-BB). Close inspection of the LOD score peak position indicates it is likely that these QTLs are pleiotropic, i.e., explaining both traits in a dependent manner, as the LOD score peaks for harvest date and loss of firmness coincided for QTLs on both LGs ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}), so that seedlings carrying LG 10 and 16 QTL alleles for control of fruit firmness had early maturing fruit. However, the QTLs related to fruit firmness at harvest on LGs 1 and 14 were independent of harvest date. Interestingly, the LG10 and LG16 QTLs explained more of the phenotypic variation of fruit firmness at harvest in Hawke\'s Bay than in Motueka ([Table 4](#tbl4){ref-type="table"}); however, the trend was opposite for loss of firmness during storage and fruit maturation date, and the QTLs explained more of the phenotypic variation in Motueka than in Hawke\'s Bay.

Candidate genes associated with QTLs
------------------------------------

The QTLs on LG10 that influenced fruit firmness colocated with *ACO1* (QTL cluster ACO1-BB) and *PG1* (PG1-RG and PG1-BB). QTLs controlling fruit firmness at harvest were identified in the LG1 region colocating with *EXP7* (EXP-RG); however, the QTL detected for fruit firmness on LG15 (Lg15a-BB and Lg15a-RG) did not colocate with *ACS1*, as *ACS1* maps to the bottom of LG15, whereas the peak of the QTL maps consistently at the top of the LG. A QTL for firmness after storage at the top of LG3 (Lg3a-RG and Lg3a-BB) colocated with candidate gene EB137463, which has homology to a BZIP transcription factor. The QTL on LG16 from the 'Braeburn' map (Lg16-BB) is of considerable interest as it controlled fruit maturation date, fruit firmness and DM content. The QTL was most significant with markers located between GDsnp00071 and GDsnp00555. Polymorphisms within this area were identified and six additional markers were mapped to increase the density in the region on the 'Braeburn' genetic map between 28.7 and 36.9 cM. Using the draft genome of 'Golden Delicious', a 2.4 Mb genomic region between these markers was extracted that contained 411 predicted gene models in the 'Golden Delicious' genome assembly; these can be seen in [Supplementary Table S4](#xob6){ref-type="supplementary-material"}.

Discussion
==========

Complexity of control of apple fruit quality can only be demonstrated in a large multisite segregating population
-----------------------------------------------------------------------------------------------------------------

The high number of QTLs (190) that were identified for the genetic control of aspects of fruit quality, including fruit firmness at and after harvest, DM content and harvest date in the 'Royal Gala' × 'Braeburn' segregating population, demonstrates the complexity of control of these attributes in apple fruit. Our comprehensive study identified 113 previously unreported QTLs, including 24 new clusters and QTLs that become apparent only when populations were grown in different environments. In addition, we confirmed previously reported large effect QTLs for fruit firmness.^[@bib16],[@bib17],[@bib20],[@bib26; @bib27; @bib28],[@bib31; @bib32; @bib33; @bib34; @bib35; @bib36]^ Our use of a large replicated segregating population of 572 seedlings phenotyped over 2 years was critical for the detection of small effect QTLs explaining less than 10% of the phenotypic variation and the previously unreported site-specific QTLs. Most of the small-effect QTLs were stable across years, with LOD scores that were significant at genome-wide level as well as chromosome-wide level. It is well known that the power of QTL detection for accurate estimation of the effect of QTLs and for identifying smaller-effect QTLs is highly dependent on the size of the segregating population, and to a lesser extent on the density of genetic markers.^[@bib37]^ Most previous QTL studies performed in apple and other fruit tree species were undertaken at a single geographic location, using segregating populations of fewer than 300 seedlings. In contrast, our study was carried out across three sites, three seasons and almost doubled the population size of previous studies. This enhanced significantly the power of QTL analysis for fruit traits, demonstrated by the increase of number of QTLs detected for previously reported traits. The only other reported biparental population and multisite apple QTL mapping experiment was carried out using 251 seedlings from a 'Fiesta' × 'Discovery' population replicated in three locations in Switzerland.^[@bib28]^ Here, no differences were identified among the three sites for QTLs for fruit firmness at harvest, indicating that the differences in environmental conditions among the three sites did not allow the detection of site-specific QTLs and also that the size of the segregating population may have not allowed the detection of site-specific and other small-effect QTLs. A recent study used Bayesian QTL analysis using a total of 1347 individuals from 27 interconnected populations of average size of 50 individuals grown in five sites^[@bib30]^ and phenotyped for fruit firmness after storage across 3 years. Our study confirmed all detected QTLs from this large study, which indicates that biparental populations, when using sufficient number of seedlings and multiple replicates, are not underpowered compared with studies using multiple populations. Another recent example of how crucial it is to use a large segregating population for QTL analysis of complex traits, is the mapping of fruit firmness and softening using a 'Fuji' × 'Mondial Gala' population of 176 full-sib individuals.^[@bib26]^ Although this study used a parent in common with our study (a sport of 'Gala') and similar phenotyping methods, QTLs were detected only on LG10 and the majority of these were below the threshold for genome-wide significance. Our larger population using the same parent enabled confirmation of the role of the large-effect QTLs on LG10 that colocate with *PG1* and *ACO1* and in addition, a further five QTLs for fruit firmness on LGs 1, 6, 9, 14 and 15 of 'Gala' were identified.

Of particular interest are the QTLs that were detected in a single environment only. For example, the LG6 and LG9 QTLs that contribute to higher fruit firmness at harvest and postharvest, with no influence on softening rate, were identified only in the population grown in Motueka ([Supplementary Table S3](#xob5){ref-type="supplementary-material"}). Furthermore, the LG10 and LG16 QTLs explained more of the phenotypic variation for fruit firmness at harvest in Hawke\'s Bay growing conditions than in Motueka, and more of the phenotypic variation for loss of firmness in Motueka than in Hawke\'s Bay. This may indicate that expression of the genes controlling the QTLs for loss of firmness was activated by the Motueka climatic or edaphic conditions. In particular, the stronger effect of the LG10 QTL (PG1-RG; [Figure 3](#fig3){ref-type="fig"}) in Motueka may confirm an effect of the role of low temperature on the activation of *PG1*.^[@bib5]^ Nevertheless, Hawke\'s Bay and Motueka have similar average monthly temperatures ([Figure 1](#fig1){ref-type="fig"}). Further analysis of the expression and regulation of *PG1* at a finer physiological and climatic scale is required to identify which conditions are responsible for the difference in fruit firmness between *PG1* alleles. The strong environmental effects on some genotypes suggest that the seedling evaluation stage of breeding programs should be located in the regions for planned production. However, the identification of some seedling genotypes with consistent fruit quality over different sites suggests that next-generation apple cultivars could be selected for production over a range of environments, by phenotyping over a range of sites.

Genetic control of fruit dry matter content and its significance for apple breeding
-----------------------------------------------------------------------------------

Current apple breeding programmes have not selected for DM content, but for other related fruit characters such as fruit sensory attributes---flavour, firmness and crispness---which are all influenced by DM,^[@bib9]^ as well as for tree characters such as pest and disease resistance. We report the first QTLs identified for apple fruit DM content, which are located on ten LGs and account variously for from 3% to 21.8% of the phenotypic variation. Apart from a small-effect QTL for DM content on LG4, all DM content QTLs colocated with fruit firmness QTLs, which supports observations linking good-storing apples with high DM in 'Royal Gala'.^[@bib9]^ Because of its simplicity in measurement, DM is becoming a common metric for fruit quality; however, the molecular control of DM content has not been explored fully in different fruit species. The DM content in kiwifruit is predominantly influenced by starch^[@bib38]^ and in other species QTLs controlling fruit DM content have been reported for peach^[@bib39]^ and tomato.^[@bib40]^

Candidate genes for apple fruit firmness control
------------------------------------------------

The 'Royal Gala' and 'Braeburn' parental genetic maps were constructed using SNP markers that are anchored to the apple genome assembly of 'Golden Delicious',^[@bib41]^ which enables the identification of positional candidate genes underlying QTLs. These candidate genes were mapped using HRM-based markers to confirm the colocation with QTLs. The two largest and most stable QTLs were located on LG10, on different positions, and colocated with the *PG1* and *ACO1* candidate genes respectively ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}), confirming QTLs identified previously.^[@bib18],[@bib19],[@bib26],[@bib27],[@bib30],[@bib34],[@bib42]^ Both QTLs were associated with all measured traits; however, the percentage of phenotypic variation they explain is strongest for loss of firmness, which strengthens their key role in fruit softening. As both 'Royal Gala' and 'Braeburn' are heterozygous for the ACO1-1 and ACO1-2 alleles,^[@bib43]^ it is not surprising to find QTLs for loss of fruit firmness colocating with *ACO1*. *ACO1* colocation with QTLs for loss of firmness is consistent with its expression during fruit ripening in 'Royal Gala'^[@bib26],[@bib44]^ and 'Braeburn',^[@bib44]^ and with colocation with loss of firmness in other studies in apple.^[@bib16]^ Interestingly, we did not identify any colocation between firmness QTLs and *ACS1* on LG15, although this candidate gene was linked to apple shelf life^[@bib11],[@bib15],[@bib16]^ and to fruit ethylene production^[@bib16]^ in other studies. *PG1* colocation with loss of firmness QTLs is consistent with results obtained in other populations^[@bib18],[@bib19],[@bib26],[@bib42]^ and with the fact that its downregulation affects fruit firmness.^[@bib20]^ The year-stable LG16 QTL from 'Braeburn' confirms this QTL previously identified in the 'Telamon' × 'Braeburn',^[@bib27]^ 'Fuji' × 'Pink Lady'^[@bib19]^ and HiDras^[@bib30]^ populations, but we were unable to identify a candidate gene for this QTL, in spite of searching a set of 411 positional candidate genes identified in the 'Golden Delicious' genome. A putative BZIP transcription factor (EB137463) was found to colocate with a QTL for storage firmness and loss of firmness at the proximal end of LG3. Two stable QTLs on LG1 and LG14 were detected for firmness at harvest only, and not for loss of firmness. The LG14 QTL colocated with the apple homologue of *FRUITFUL* and a marker (MdMADS2.1) derived from this was associated with fruit firmness previously.^[@bib29],[@bib30]^ The LG1 QTL colocated with an expansin (*Exp7*), which has been associated with fruit firmness at harvest and after storage, but not the softening rate.^[@bib17]^

Relationship between fruit firmness and time of maturity
--------------------------------------------------------

Empirical evidence indicates that early season apples tend to soften more during storage. This is the case with the parent 'Royal Gala', which is early season and has an average ability for storage in relation to mean loss of firmness values.^[@bib45]^ In the 'Royal Gala' × 'Braeburn' progeny of 572 individuals, significant correlations were observed across years and sites between harvest date, which was determined at a consistent Starch Pattern Index value, and fruit firmness. Stronger correlation coefficients with harvest date were observed for firmness measured after storage and loss of firmness during storage, than for firmness measured at harvest ([Table 3](#tbl3){ref-type="table"}). The largest-effect QTLs for harvest date colocated with the large-effect QTLs for fruit loss of firmness on LG10 and LG16 ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}), with the same trend towards early genotypes softening more, which confirms the close relationship between fruit ripening and softening. Using the LG10 and LG16 QTLs for selection of new varieties that will soften less during storage will thus inadvertently concurrently select for later maturing genotypes. Loss of fruit firmness and starch degradation (i.e., harvest date) are both modulated by ethylene. A model for fruit ripening based on ethylene dependency and sensitivity was developed recently.^[@bib46]^ The model suggests that starch degradation is not dependent on ethylene; however, it is very sensitive to it, while loss of fruit firmness is strongly dependent on ethylene but not sensitive. We hypothesize that the QTLs on LG10 (PG1-RG and PG1-BB) and LG16 (Lg16-BB) could be related to variable sensitivity and dependence on ethylene. While the role of ethylene on *PG1* activity has been well established,^[@bib20]^ further research is required to identify the physiological and molecular determinism of the LG16 QTL.

Conclusions
===========

This study highlights the need for consideration of local environmental conditions to be made when selecting new cultivars with new and improved quality traits. While the large-effect QTLs act independently from the influence of the environment, it is likely that breeding programmes will either fix these in the parents, or select them using MAS. From there, the differentiation of the new elite cultivars will be determined by small-effect QTLs that can be affected by the environment, leading to the possibility of undesirable variability of these cultivars in different environments. It also highlights the need for better molecular understanding of the processes involved in building and maintaining quality traits in apples.
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![Environmental variation between apple-growing sites in New Zealand. Average rainfall (histograms) and temperature (curves) were calculated for the three growing seasons used for the phenotyping of the 'Royal Gala' × 'Braeburn' segregating population (2009--2011). The location of the three sites is indicated on the map of New Zealand (top left). The periods of fruit development and apple ripening are indicated.](hortres201446-f1){#fig1}

![Analysis of apple fruit firmness data between sites. (**a**) Distribution of firmness at harvest of the 572 genotypes grown at Hawke\'s Bay (HB---red) and Motueka (Mot---green), in 2009 (dark) and 2010 (light). (**b**) Distribution of firmness following storage of the 572 genotypes grown at Hawke\'s Bay (HB---red) and Motueka (Mot---green), in 2009 (dark bars) and 2010 (light bars). (**c**) Nine genotypes selected for extremes of environmental regulation. Fruit that had significantly different firmness between the two sites at harvest and following storage in two environments over 2 years (\**p*\<0.01, \*\**p*\<0.01).](hortres201446-f2){#fig2}

![Percentage of the phenotypic variation explained by the QTLs detected in the 'Royal Gala' × 'Braeburn' apple population. The percentages of the variance explained were obtained for each QTL independently using MapQTL 5.0. QTL clusters are indicated as in [Supplementary Table S3](#xob5){ref-type="supplementary-material"}. QTLs shown in red were previously published,^[@bib17],[@bib19],[@bib26; @bib27; @bib28; @bib29]^ while QTLs in grey are new to this study.](hortres201446-f3){#fig3}

![Detection of QTLs for control of fruit firmness, harvest date and dry matter content in 'Royal Gala' apple. LOD scores were plotted against the location on the 'Royal Gala' genetic map using the phenotypic data collected in Motueka (Mot---green dots) and Hawke\'s Bay (HB---red dots) in 2009 and 2010. The dashed line represents QTL significance at 95% genome-wide. The location of candidate genes is indicated using black arrows: *EXPANSIN* (*Exp7*), *POLYGALACTURONASE* (*PG*), *ACC OXIDASE* (*ACO*) and *ACC SYNTHASE* (*ACS*).](hortres201446-f4){#fig4}

![Detection of QTLs for control of fruit firmness, harvest date and dry matter content in 'Braeburn' apple. LOD scores were plotted against the location on the 'Braeburn' genetic map using the phenotypic data collected in Motueka (Mot---green dots) and Hawke\'s Bay (HB---red dots) in 2009 and 2010. The dashed line represents QTL significance at 95% genome-wide. The location of candidate genes is indicated using black arrows: *EXPANSIN* (*Exp7*), *POLYGALACTURONASE* (*PG*), *ACC OXIDASE* (*ACO*), *FRUITFUL* (*FUL*) and *ACC SYNTHASE* (*ACS*).](hortres201446-f5){#fig5}

###### Phenotypic variation for fruit firmness at harvest and after storage, loss of firmness, dry matter content and harvest date in the 'Royal Gala' × 'Braeburn' apple population. Firmness values are given in Newtons (N) and dry matter content in %

                                                       Parents   F1 seedlings (*n*=572)                                                
  ------------------------------ ------------ -------- --------- ------------------------ -------- -------- -------- -------- -------- --------
  Fruit firmness at harvest      Hawkes Bay   2009     83.3      97.02                    56.4     138.1    92.3     13.9     101.4    82.8
  2010                           89.18        108.78   70.8      135.0                    99.5     10.3     105.8    93.0              
  Motueka                        2009         90.16    108.78    65.1                     141.9    102.9    13.3     111.1    94.2     
  2010                           86.24        117.6    59.5      145.6                    96.2     14.0     105.5    86.0              
  Fruit firmness after storage   Hawkes Bay   2009     59.78     63.7                     28.1     120.1    68.3     15.6     77.9     56.6
  2010                           65.66        79.38    18.4      133.8                    76.1     19.1     89.0     61.7              
  Motueka                        2009         57.82    74.48     36.3                     123.1    73.3     16.0     82.5     61.1     
  2010                           59.78        80.36    28.3      124.9                    68.0     15.7     77.6     57.0              
  Loss of fruit firmness         Hawkes Bay   2009     23.52     33.32                    0.0      53.5     24.0     10.9     31.4     16.7
  2010                           23.52        29.4     0.0       72.6                     23.4     11.5     31.7     16.2              
  Motueka                        2009         32.34    34.3      2.2                      66.2     29.6     11.0     36.3     22.0     
  2010                           26.46        37.24    0.4       63.5                     28.2     11.6     35.9     19.3              
  Dry matter content             Hawkes Bay   2009     16.6      17.2                     15.1     23.7     18.8     1.5      19.6     17.8
  2010                           17.1         18.6     17.3      22.4                     19.0     0.8      19.5     18.4              
  Motueka                        2009         16.6     16.9      15.1                     23.3     18.7     1.2      19.3     17.8     
  2010                           16.4         17.3     15.1      24.5                     18.1     1.2      18.9     17.3              
  Harvest date                   Hawkes Bay   2009     10-Feb    19-Mar                   27-Jan   7-Apr    2-Mar    14.2     11-Mar   25-Feb
  2010                           15-Feb       15-Mar   26-Jan    12-Apr                   3-Mar    16.4     15-Mar   23-Feb            
  Motueka                        2009         26-Feb   16-Mar    9-Feb                    30-Apr   11-Mar   15.4     26-Mar   2-Mar    
  2010                           25-Feb       18-Mar   4-Feb     29-Apr                   15-Mar   15.9     25-Mar   4-Mar             

###### Analysis of variance for fruit firmness, harvest date and dry matter content in the 'Royal Gala' × 'Braeburn' apple population in 2010. Estimates of the mean square values are given for the variables significant at *p*\<0.001. d.f., degree of freedom; ns, not significant

                        Estimate of mean square                              
  --------------- ----- ------------------------- ------- ------- ---------- -------
  Genotype        571   4.7                       9.1     3.2     790.7      3.5
  Year            1     ns                        7.3     ns      4703.3     16.5
  Site            1     71.6                      15.2    152.1   69 088.6   143.5
  Genotype×year   1     ns                        ns      ns      ns         ns
  Year×site       1     273.3                     239.1   ns      ns         76.5
  Genotype×site   569   ns                        ns      ns      79.8       ns

###### Trait correlation between site and years in the 'Royal Gala' × 'Braeburn' apple population. Correlation coefficients (*r*) are given at *p*\<0.001. ns, non significant

                                                Harvest firmness   Storage firmness   Loss of fruit firmness   Dry matter content   Harvest date                                                                                                      
  ------------------------ ------------ ------- ------------------ ------------------ ------------------------ -------------------- -------------- ------- ------- ------- ------- ------- ------- ------- ------ ------ ------ ------ ------ --- --- ---
  Harvest firmness         Hawkes Bay   2009                                                                                                                                                                                                           
  2010                     0.52                                                                                                                                                                                                                       
  Motueka                  2009         0.67    0.56                                                                                                                                                                                                  
  2010                     0.61         0.52    0.75                                                                                                                                                                                                  
  Storage firmness         Hawkes Bay   2009    0.74               0.64               0.60                     0.51                                                                                                                                    
  2010                     0.52         0.86    0.54               0.48               0.73                                                                                                                                                            
  Motueka                  2009         0.60    0.67               0.73               0.61                     0.81                 0.76                                                                                                              
  2010                     0.55         0.68    0.65               0.70               0.74                     0.74                 0.88                                                                                                              
  Loss of fruit firmness   Hawkes Bay   2009    ns                 −0.27              −0.01                    ns                   −0.50          −0.41   −0.41   −0.38                                                                               
  2010                     −0.39        −0.53   −0.39              −0.34              −0.62                    −0.89                −0.65          −0.62   0.43                                                                                       
  Motueka                  2009         −0.06   −0.30              ns                 ns                       −0.44                −0.46          −0.57   −0.49   0.58    0.48                                                                       
  2010                     ns           −0.31   ns                 0.26               −0.41                    −0.43                −0.47          −0.51   0.58    0.44    0.69                                                                       
  Dry matter content       Hawkes Bay   2009    0.49               0.28               0.28                     0.21                 0.51           0.32    0.35    0.27    −0.12   −0.27   −0.17   −0.12                                               
  2010                     0.35         0.61    0.32               0.30               0.49                     0.68                 0.47           0.48    −0.28   −0.55   −0.30   −0.29   0.31                                                       
  Motueka                  2009         0.44    0.32               0.45               0.34                     0.47                 0.39           0.49    0.40    −0.14   −0.36   −0.17   −0.14   0.65    0.34                                       
  2010                     0.40         0.31    0.32               0.38               0.41                     0.36                 0.43           0.44    −0.11   −0.32   −0.23   −0.14   0.52    0.34    0.73                                       
  Harvest date             Hawkes Bay   2009    ns                 0.33               0.20                     ns                   0.28           0.41    0.37    0.35    −0.38   −0.38   −0.28   −0.35   0.14   0.26   0.19   0.20                   
  2010                     ns           0.32    0.22               ns                 0.37                     0.42                 0.39           0.36    −0.37   −0.41   −0.31   −0.36   0.19    0.26    0.22   0.22   0.86                         
  Motueka                  2009         0.21    0.38               0.17               ns                       0.43                 0.46           0.38    0.38    −0.36   −0.42   −0.34   −0.39   0.21    0.30   0.32   0.30   0.73   0.78           
  2010                     0.21         0.38    0.23               ns                 0.43                     0.47                 0.43           0.37    −0.36   −0.44   −0.34   −0.47   0.18    0.30    0.30   0.34   0.73   0.79   0.87           

###### Number of QTLs and cumulative effect for fruit firmness, harvest date and dry matter content in the 'Royal Gala' × 'Braeburn' apple population. The entire list of QTLs is found in Supplemental [Table 3](#tbl3){ref-type="table"}. The percentage of phenotypic variation explained was calculated by linear regression using all the detected QTLs in the model. The percentage of phenotypic variation explained by the previously reported LG10^[@bib18]^ and LG16^[@bib27]^ QTLs for loss of fruit firmness is also reported

  Trait                             Year      Site           Number of QTLs   \% variation explained by all the QTLs   \% variation explained by published LG10 and LG16 QTLs
  --------------------------------- --------- -------------- ---------------- ---------------------------------------- --------------------------------------------------------
  Dry matter content                2009      Hawke\'s Bay   10               26.6                                     4.7
  2010                              5         13.1           7                                                         
  2009                              Motueka   9              33               4.8                                      
  2010                              6         19             7                                                         
  Fruit firmness after storage      2009      Hawke\'s Bay   9                43.3                                     23.1
  2010                              11        44             22                                                        
  2009                              Motueka   12             53.2             22                                       
  2010                              13        46             24.4                                                      
  Fruit firmness at harvest         2009      Hawke\'s Bay   7                25.5                                     7
  2010                              8         26.8           15.2                                                      
  2009                              Motueka   9              33.7             2.4                                      
  2010                              8         26.1           2.4                                                       
  Loss of firmness during storage   2009      Hawke\'s Bay   5                21.5                                     18.6
  2010                              8         26.7           18.1                                                      
  2009                              Motueka   9              38.8             24.2                                     
  2010                              10        38.1           26.1                                                      
  Harvest date                      2009      Hawke\'s Bay   14               47.8                                     23.4
  2010                              15        54.1           27.6                                                      
  2009                              Motueka   11             46.2             30.8                                     
  2010                              11        49.9           34                                                        
